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A Study of Hygrothermal Behavior of ACF Flip
Chip Packages With Moiré Interferometry

Jin-Hyoung Park, Kyung-Woon Jang, Kyung-Wook Paik, and Soon-Bok Lee

Abstract—A primary factor of anisotropic conductive film
(ACF) package failure is delamination between the chip and the
adhesive at the edge of the chip. This delamination is mainly
affected by the thermal shear strain at the edge of the chip. This
shear strain was measured on various electronic ACF package
specimens by micro-Moiré interferometry with a phase shifting
method. In order to find the effect of moisture, the reliability
performance of an adhesive flip-chip in the moisture environment
was investigated. The failure modes were found to be interfacial
delamination and bump/pad opening which may eventually
lead to total loss of electrical contact. Different geometric size
specimens in terms of interconnections were discussed in the
context of the significance of mismatch in coefficient of moisture
expansion (CME) between the adhesive and other components in
the package, which induces hygroscopic swelling stress. The effect
of moisture diffusion in the package and the CME mismatch
were also evaluated by using the Moiré interferometry. From
Moiré measurement results, we could also obtain the stress
intensity factor K. Through an analysis of deformations induced
by thermal and moisture environments, a damage model for an
adhesive flip-chip package is proposed.

Index Terms—Anisotropic conductive film (ACF), coefficient of
moisture expansion (CME), delamination, electronic packaging,
Moiré interferometry, reliability.

I. INTRODUCTION

LIP-CHIP assemblies using an adhesive have been in-

creasingly applied to personal digital assistant devices,
mobile phones, and liquid crystal display devices. The use of
adhesive flip-chip-type electronic packages offers numerous
advantages such as reduced thickness, improved environmental
compatibility, lowered costs, low process temperature, and fine
pitch application, in addition to being a “green” technology
[1], [2]. The use of anisotropic conductive film (ACF) for

Manuscript received November 12, 2008; revised April 28, 2009 and
September 24, 2009. Current version published March 10, 2010. This
work was supported by Grant N01080268 from the Center for Nanoscale
Mechatronics and Manufacturing, one of the 21st Century Frontier Research
Programs, which are supported by the Ministry of Education, Science, and
Technology, Korea. Recommended for publication by Associate Editor X. Fan
upon evaluation of reviewers’ comments.

J.-H. Park and S.-B. Lee are with the Department of Mechanical Engineer-
ing, Korea Advanced Institute of Science and Technology, Daejeon 305-701,
Korea (e-mail: turbomb @Kkaist.ac.kr; sblee @kaist.ac.kr).

K.-W. Jang is with the Mechatronics and Manufacturing Tech-
nology Center, Samsung Electronics, Suwon 442-742, Korea (e-mail:
k.w.jang @samsung.com).

K.-W. Paik is with the Department of Materials Science and Engineering,
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea
(e-mail: kwpaik @kaist.ac.kr).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCAPT.2009.2036154

the direct interconnection of flipped silicon chips to printed
circuits also offers numerous advantages such as reduced
thickness, improved environmental compatibility, lowered as-
sembly process temperature, increased metallization options,
cut downed costs, and decreased equipment requirements. Its
wide application to glass displays through a chip on glass
process has accelerated interest in using this technology on
rigid/flexible substrates and even on paper substrates as novel
ACFs are being developed.

ACF-type packages for flip-chip packages are becoming
more popular among producers due to the simple processing
involved, as well as the direct contact provided between the
bump and electrode. Despite numerous benefits, flip-chip-type
packages still suffer from several reliability problems. The
most critical issue among them is electrical performance dete-
rioration upon consecutive thermal cycle damage and moisture
absorption of the polymeric resin. The latter is attributed to
gradual delamination growth at the chip and adhesive film
interface induced by coefficient of thermal expansion (CTE)
and coefficient of moisture expansion (CME) mismatch driven
shear and peel stresses. When a crack at a weak site of the
electronic package forms, thermal and swelling deformation
of the flip-chip package occurs.

In recent years, the Moiré method has been used extensively
in the electronics industry to determine thermal strains caused
by temperature changes in microelectronics devices such as
ACF packages [3]-[6]. In particular, the Moiré interferometry
method, which utilizes a diffraction grating and interference
of laser beams [7], is used in this paper.

In this paper, microdeformations of ACF packages are
measured by Moiré interferometry [8]-[10]. Optical methods
are used for the measurement of the thermal and swelling
deformations. Twyman—Green interferometry is applied to
measure the out-of-plane deformations Through the Twyman-—
Green experiment, it is possible to obtain the thermal warpage
of the ACF chip [11], [12]. Moiré interferometry is applied to
measure the in-plane deformations of ACF packages.

The CME mismatch between ACF and other components
induces hygroscopic swelling stress. A fully moistured ACF
specimen and a dried specimen are evaluated in order to calcu-
late the interfacial fracture toughness from Moiré experiments.

II. SPECIMENS

In this paper, the hygrothermal behavior of an ACF-type
package was evaluated (Fig. 1). A conventional ACF using

1521-3331/$26.00 (© 2010 IEEE
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Fig. 1. ACF package specimens.
TABLE I
ACF PACKAGE SPECIMENS
Specimen | Thickness of | Thickness of | Fillet* | Life (cycles)
Chip (um) PCB (um)
S1 180 120 X 14223
S2 180 550 X 15121
S3 180 980 X 4687
S4 480 120 X 11743
S5 480 550 X 11744
S6 480 980 X 2737
NF 780 980 X 2533
WF 780 980 0 4665
NF: specimen without fillet; WF: specimen with fillet.
*(x) Without fillet. (o) With fillet.
Conductive
o
'6% % 6% % 820 % 8%
ACF Adhesive
I IC chip
— —= Bump
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Fig. 2. Bonding procedure for flip-chip using ACF.

di-functional epoxies is used for this paper. This ACF has a
general polymer matrix and a glass transition temperature of
108 °C. In order to observe the effect of the different geometric
shape, the following ACF specimens have been used (Table I).

The bonding conditions for all specimens were equal at
45 MPa and 180°C for 20s (Fig. 2). The geometric size
of all specimens was not varied, except the thicknesses of
the chip and printed circuit board (PCB). The thickness of
the ACF was 50 um, and the dimensions of the chip were
8 mm x 8 mm. The dimensions of the gold bumps in the chip
plate were 120 um x 120 um x 18 um, and the pitches of the
peripheral bumps were all 130 um. The size of the PCB was
20 mm x 20 mm.

In order to observe the effect of the fillet at the edge of
the chip, the following other ACF specimens were also used
(Table I). The geometric size of all specimens was also equal.
The thickness of the ACF was 50 um, and the dimensions
of the chip were 8 mm x 8 mm. The dimensions of the gold
bumps in the chip plate were 120 um x 120 um x 18 um,

TABLE I
MATERIAL PROPERTIES

Modulus (GPa) CTE (ppm/°C) v T, (°C)
Die 170 2.45 0.28 -
ACF 2.4 (under Ty) al =46 a2 =158 0.34 108
Substrate 17.2 ax =ay=20az =50 | 0.15 180
delamination
Chip
ACF
PCB
After 1000 cycles
Fig. 3. Delamination of ACF specimen.

and the pitches of the peripheral bumps were all 130 um. The
size of the PCB was 20 mm x 20 mm. The properties of each
material are listed in Table II [13].

III. THERMAL TESTS

Temperature cycling tests of the ACF-type specimens were
performed in a thermal chamber. Thermal cycling was per-
formed in a temperature range of (—)40°C to 150°C. The
holding time of upper and lower was 10min. The resis-
tance value was measured at 24 points for each specimen
simultaneously during temperature cycling tests. The failure
was determined when the resistance reaches to 220 mS2. The
failure modes were found to be interfacial delamination and
bump/pad opening, which may eventually lead to the total loss
of electrical contact (Fig. 3). The thermal fatigue life in this
paper was the average value of four specimens (Table I).

The bonding of ACF-type specimens is conducted at high
temperature. Therefore, the ACF-type specimens at room
temperature show a bent shape due to CTE mismatch of each
material. Twyman—Green interferometry was applied to mea-
sure the bending deformation. Through the experiment with
Twyman—Green interferometry, warpage of the ACF chip site
was determined. This optical system can measure the global
warpage behavior in a die chip. The resolution of the Twyman—
Green interferometry was the half of the wavelength of the
laser light source, i.e., A/2 = 0.316 um/fringe [14]-[16]. The
out-of-plane deformations in the chip were measured at room
temperature. It was found that the ACF package provides a
stress-free condition at the temperature above Tg. The warpage
results at room temperature are shown in Fig. 4. Generally,
thin die chips showed large warpage, but the warpage value
was not strongly related to the thermal fatigue life (Fig. 5).
The very large warpage may lead to the delamination of the
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Fig. 5. Relations between thermal life and warpage.

interconnection layer. The moderate warpage value does not
affect the thermal fatigue life. Therefore, the warpage value is
not a good thermal fatigue damage parameter.

The main fracture mechanism during thermal cycles is
delamination between the chip and ACF. This delamination
occurs mainly by a shear strain at the edge of the chip.
Therefore, precise evaluation of the shear strain is important
for prediction of ACF-type package lifetime.

The in-plane measurement results from the investigation of
the shear strain at the edge of the chip are shown in Fig. 6.
In the measurements by Twyman—Green interferometry, ACF-
type specimens showed a zero warpage above T, of 108 °C,
which means a stress-free condition. Since above 108 °C,
the bending shape of ACF-type specimens was flat, it was
determined that the temperature of the reference condition was
set at 125 °C above T, of ACF in the bithermal test. There-
fore, the sectioned specimens were attached to the specimen
grating at 125 °C. The frequency of the specimen grating was
1200 lines/mm. The bithermal test results at room temperature
are shown in Fig. 6. The resolution of the Moiré fringe image
was 0.417 pum/fringe displacement.

The shear strain of the edge of the chip is important for the
reliability of the ACF package, and was calculated using (3)
from the Moiré fringe image. In order to obtain more accurate
shear strain data, a phase-shifting method was applied by using
a lead—zirconium-titanate stage (Fig. 7) [17]. Fig. 8 shows the

V field

Fig. 6. Moiré fringe images of ACF-type specimen at 25 °C.

Phase map

dU/dy, dV/dx

Fig. 7. Procedure of phase-shifting method.

shear strain distribution of each specimen. The S2 specimen
had a small shear strain, but the S6 specimen had the largest
shear strain. These results are shown in Fig. 9

U 1 [dN.\ 1 (AN,
be= o= =~ ()
ox  f \ ox f\ Ax
£, = 81 — l % — l ANY )
Yoy f\ dy f\ Ay
_OU 9V _ 1 (N, N\ _ 1 (AN, AN,
N A R T A AN ('3)

Fig. 9 shows the relation of the shear strain and the thermal
fatigue life. Application of moderate geometric shape was
shown to be a powerful method for reducing the shear strain.
The fillet at the edge of the chip was shown to be useful for
increasing the thermal fatigue life. Consequently, low shear
strain is shown to improve the reliability of the interconnection
layer.

In order to predict the thermal fatigue life of the ACF-type
package, a new damage model that considers the geometric
shape and the fillet of the ACF-type package was developed.
Equation (4) shows the thermal fatigue damage of one cycle
at the edge of the chip

aw=c () =y (2 4
—T<dT>—( V)(dT) “)

where G is shear modulus and y is shear strain.
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Fig. 10. Relations between thermal life and damage.

The thermal cycle damage of the polymeric resin attributed
to gradual delamination growth at the chip and adhesive film
interface induced by CTE mismatch driven shear. This delam-
ination decreases the warpage of the chip. dw/dT denotes the
warpage change of the chip during one thermal cycle. dw/dT
is measured by Twyman—Green interferometry and takes into
account the conditions of the geometric shape and the fillet.
Fig. 10 shows the relation between the thermal fatigue damage
per cycle and the package lifetime.

IV. HUMIDITY TESTS

Hygroscopic swelling assisted by loss of adhesion strength
upon moisture absorption is responsible for moisture-induced

design adhesive-type packages [18].

Humidity tests of the ACF-type specimens were performed
in a humidity chamber. The humidity test conditions were
85 °C/85%. Fig. 11 shows the change in resistance of the ACF
package specimens.

The ACF and the PCB of the ACF package specimens were
polymer materials. These polymer materials are swelled by
absorbing water. At room temperature, the bending warpage
decreased by the swelling deformation of the PCB, but
peeling stress at the edge of the chip increased gradually.
In order to shed light on these phenomena, experiments
using Twyman—Green interferometry were performed. Af-
ter drying ACF package specimens at 100°C for 24h, the
warpage of the specimens in a 85 °C/85% humidity chamber
was measured by Twyman—Green interferometry. Fig. 12
shows the warpage results. The warpage of the chip side
decreased considerably. The total warpage of S2 specimen
decrease was about 4 um. This value is similar to the value
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obtained by increasing the temperature from room tempera-
ture to 75°C. At high temperature, the amount of diffusion
increases dramatically. After the polymer materials are fully
saturated by moisture, the bonding strength of ACF decreases
slowly.

The hygrothermal behavior of the ACF-type package is
complicated. The ACF and the PCB of the ACF package
specimens have the different humidity properties. The ACF
layer showed larger hygro-swelling deformations than PCB
in the ACF package specimens, and consequently a loss of
adhesion strength occurred by moisture induced swelling.
The ACF package specimens fully saturated by moisture
showed large peeling stress at the edge of the chip. In
order to elucidate these phenomena, experiments using Moiré
interferometry were performed. After drying ACF package
specimens at 100°C for 24 h, the strain distributions of the
specimens in a 85°C/85% humidity chamber after 1 week
were measured by Moiré interferometry (Fig. 13). From the
Moiré fringe results, we can calculate the stress intensity
factor K by (5) [19], [20]. Since the specimens fully saturated
by moisture showed large peeling stress at the edge of the
chip, it was determined that these specimens had a larger K,
than the dried specimens. Fig. 14 shows the K| result of S4
specimen

D.R T T

0.3 4

Peel strength (kN)

0.14 -

0.0

dried ACF saturated ACF

Fig. 15. Change of Peel strength of ACF.

0.7 4 T = ]
Kc of dried ACF

0.6 « g
0.5 4 E

04 4 Kc of saturated ACF T
I oL

0.3 4 -

K, (MPa'm17?)

0.2 4

0.0

T T
dried specimen saturated specimen

Fig. 16. Relation between stress intensity factor K of S4 specimen and the
critical fracture toughness K.

{Acos [eIn (£)] + Bsin [eln (+)]}

K =
D
K, - {Bcos [eln (£)] — Asin [eln (5)]} 5
D
where
A=35,— 268,
B =6, +268,
8 r
(6)

T E cosh(re) \ 27

In order to determine the loss of adhesion strength upon
moisture absorption, a 90° peel strength test was performed
[21]. Fig. 15 shows the strength results of a moisture saturated
ACF specimen and a dried specimen. From these results, the
critical fracture toughness K, was calculated by (7) [20], [22].
G, value was obtained by finite element analysis method.
Fig. 16 shows the relations between the stress intensity factor
K of S4 ACF specimen and the critical fracture toughness K.
The dried ACF specimens had a lower K value than the K,
of the dried ACF interface. However, the moisture saturated
ACF specimens had a similar K value with K, of the saturated
ACF interface.

B 16 coshz(ne)Gc
B c1+ 0

|K|? (7
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where

K1 +1
= , €2
M1 12%)

Ky + 1

®)

where p is shear modulus and «; = 3 — 4v; for plane strain.

V. CONCLUSION

In this paper, the hygrothermal behavior of an ACF-type
package was evaluated. A primary factor of the ACF package
failure is delamination between the chip and the adhesive at
the edge of the chip. This delamination is mainly affected
by the shear strain at the edge of the chip. Application of
moderate geometric shape condition was shown to be a very
powerful means for reducing the shear strain. Consequently,
low shear strain was shown to improve the reliability of the
interconnection layer. In order to predict the thermal fatigue
life of the ACF-type package, a new damage model that
considers the geometric shape and the fillet of the ACF-type
package is proposed.

The polymer materials of ACF-type packages are swelled
by absorbing the humidity. Mismatch in the CME between
the adhesive and other components in the package induces
hygroscopic swelling stress. The specimens fully saturated by
moisture showed large peeling stress at the edge of the chip.
Therefore, these specimens had a larger K; than the dried
specimens.

In the research of the effect of moisture, it is concluded
that hygroscopic swelling assisted by loss of adhesion strength
upon moisture absorption is responsible for moisture-induced
failures in these adhesive flip-chip interconnects.
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